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Activating protein-1 (AP-1) binding phorbol ester responsive elements (TRE) are located downstream of the transcription
initiation site in the U5 region of the human immunodeficiency virus type-1 (HIV-1) long terminal repeat (LTR). These
downstream sequence elements, termed DSE, can bind cFos and JunD and transmit protein kinase C (PKC) activation signals
to the LTR. Further studies suggested the DSE might also bind AP-1-related proteins of the CREB/ATF family. Since enhanced
HIV-1 expression is associated with activation of the cAMP-dependent protein kinase A (PKA) signaling pathway, we
determined whether binding of CREB/ATF proteins to the DSE mediate cAMP/PKA activation of the HIV-1 LTR. In the
present study, DSE binding complexes in nuclear protein extracts from colonic epithelial cells are shown to contain ATF-
1, ATF-2, and CREB and transfection of either an ATF-2 or PKA expressing plasmid transactivated the DSE. Cholera toxin
(Ctx), a potent activator of the cAMP/PKA pathway, increased HIV-1 virus production from a latently infected promonocytic
cell line, U1. Ctx increased LTR promoter activity and increased the CREB content of DSE binding complexes. Transfection
of U1 cells with a series of mutant LTR reporter constructs demonstrated that the Ctx response was in large part mediated
by the DSE. The Ctx response was also mediated by a heterologous promoter containing multiple TRE sites. Nuclear protein
extracts from a T-cell line infected by HIV-1 contained higher levels of CREB/ATF proteins and manifested increased CREB/
ATF binding activity. Collectively, these results indicate the DSE are TRE-like cAMP responsive elements that bind both AP-
1 and CREB/ATF permitting induction of the HIV-1 LTR by both PKC and PKA activation signals. q 1997 Academic Press
INTRODUCTION belong to the class of basic leucine zipper (bZip) tran-
scription factors (Karin, 1991). bZip proteins combine
Expression of the human immunodeficiency virus type through their leucine zipper domains to form functional
1 (HIV-1) provirus is dependent on the interaction of host dimers that recognize TRE (TPA/phorbol ester responsive
cellular transcription factors with an array of cis regula- element) and CRE (cAMP responsive elements) sites in
tory elements within the viral long terminal repeat (LTR) the promoter regions of cellular and viral genes (Karin,
(Gaynor, 1992). We previously identified AP-1-like binding 1991; Ziff, 1990; Lee and Masson, 1993). The AP-1 bind-
sites downstream of the transcription initiation site in the ing complex is composed of protein dimers of the jun
U5 region of the HIV-1 LTR that bind Jun and Fos family (cjun, junB, junD) and fos (cfos, fosB, fra-1, fra-2) gene
proteins, components of the AP-1 transcription factor families. AP-1-binding TRE sites are activated by phorbol
complex (Roebuck et al., 1993). These downstream se- ester and tumor necrosis factor a (TNFa), via serine/
quence elements or DSE are located at nucleotide posi- threonine protein kinase C (PKC) signal transduction
tions/95 and/160 (relative to the transcription initiation pathways (Angel et al., 1987; Brenner et al., 1989),
site /1) and contribute to LTR activity (Roebuck et al., whereas CREB and ATF-binding CRE sites are activated
1993). The /160 DSE was shown to bind cFos and JunD primarily by cAMP-dependent PKA signaling pathways
and was transactivated by expression plasmids of those (Montminy and Bilezikjian, 1987; Gonzalez et al., 1991).
transcription factors in human colon epithelial cell lines More recently, it has become clear that the AP-1 and
(Roebuck et al., 1996). In addition, the DSE motifs formed CREB/ATF families are capable of binding both TRE and
complexes with nuclear proteins that could be competed CRE sites and can exchange partners to form heterodim-
by cAMP-responsive elements (CRE) (Roebuck et al., ers with altered binding affinities (Hai and Curran, 1989;
1993), suggesting that the DSE might also bind CREB/ Benbrook and Jones, 1990; Vashkiv et al., 1990; Chatton
ATF proteins and mediate activation signals of the cyclic et al., 1994; De Cesare et al., 1995; Hoeffler et al., 1989;
AMP-dependent protein kinase A (cAMP/PKA) pathway. Masquilier and Sassone-Corsi, 1992). The consensus
AP-1 and CREB/ATF are nuclear phosphoproteins that TRE (TGAGTCA) and CRE sequences (TGACGTCA), al-
though nearly identical, bind distinct sets of AP-1/CREB/
ATF transcription factors (Deutsch et al., 1988), and are1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (312) 942-2808; E-mail: kroebuck@rush.edu. capable of mediating both PKC and PKA activation sig-
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TABLE 1nals depending on the particular combination of factors
that are binding to them (Fink et al., 1991; Zu et al., 1993; Oligonucleotides Used in DNA Binding Studies
Hoeffler et al., 1989; Sassone-Corsi et al., 1990; de Groot
Element Sequence Sourceand Sassone-Corsi, 1992).
PKA and transcription factors of the CREB/ATF family
/160 DSE GACCCTTTTAGTCAGTGTGGAA HIV-1 LTRmay be critical cellular factors for HIV-1 expression and /95 DSE GCCTTGAGTGCTTCAAGTAGTG HIV-1 LTR
replication. In this regard, HIV-1 infection has been asso- TRE GGGGAAGTGACTCAGCGCTCGG Metallothionine
ciated with sustained elevation of cAMP in T-cell lines CRE CCTTGGCTGACGTCAGAGAGAG Somatostatin
ATF TTAACCGTTACGTCATTTTTTA Adenovirus E5(Nokta and Pollard, 1991) and normal peripheral lympho-
cytes (Hofmann et al., 1993), and HIV-1 replication can be
Note. TRE, phorbol ester responsive element (Angel et al., 1987).modulated by cellular levels of cAMP (Nokta and Pollard,
CRE, cyclic AMP responsive element (Montminy et al., 1986). ATF,
1992). In addition, Chowdhury et al. (1993) demonstrated activating transcription factor (Lee et al., 1987). TRE- and CRE-like se-
that activation of the cAMP/PKA pathway by cholera toxin quences are underlined. Note the /95 DSE contains two partially over-
lapping TRE-like sequences.(Ctx) enhanced HIV-1 transcription in a latently infected
monocyte-macrophage cell line, U1. However, the cAMP
responsive elements within the HIV-1 genome were not
Cell culture, transient transfections and reporter geneidentified, and the mechanisms by which cAMP/PKA acti-
assaysvation signals activate HIV-1 replication have not been
defined. In the present study, we identify the HIV-1 DSE The human colon epithelial cell lines SW620 and
as novel TRE-like cAMP responsive elements capable of SW480 were maintained and transfected as described
binding both AP-1 and CREB/ATF proteins and transmit- before (Omary et al., 1991; Roebuck et al., 1993). The
ting cAMP/PKA activation signals to the HIV-1 LTR. These human T lymphocytic H9 (HTB 176) and promonocytic U1
data provide further evidence that LTR sequences down- cell lines were obtained from the American Type Culture
stream of transcription in the untranslated leader region Collection (Rockville, MD) and grown in RPMI 1640 me-
are also involved in the regulation of HIV-1 expression dium supplemented with 10% fetal calf serum. U1 cells
and replication. were transfected as previously described (Finnegan et
al., 1996). Chloramphenicol acetyltransferase (CAT) (EC
2.3.1.28) and firefly luciferase (EC 1.13.12.7) activityMATERIALS AND METHODS
assays were performed using equivalent amounts of pro-
Plasmids and synthetic oligonucleotides tein from cell extracts. For each transfection the percent-
age conversion was calculated by dividing the total 14C
HIV-1 LTR CAT, 091//232 LTR CAT, 091//232 M6 counts by 14C counts converted into acetylated product
LTR CAT, kBm LTR CAT, and TRE PL LUC reporter as measured by an AMBIS radioactivity counter (San
plasmids were described previously (Roebuck et al., Diego, CA) or by scintillation counting. Transfections
1993, 1997). The 091//232 M6 LTR CAT is identical were performed at least twice or as indicated in the
to 091//232 LTR CAT with the exception of the point figure legends.
mutations at nucleotide positions /95 and /160. DSst
LTR CAT described previously (Roebuck et al., 1997) DNA binding studies
was generated by digestion of the parental HIV-1 LTR
CAT construct with SstI and recircularizing the plasmid Electrophoretic mobility shift assays were performed
as described before (Roebuck et al., 1993, 1995). Briefly,with T4 ligase, which deletes LTR sequences from
/222 to /39. The ATF-2 expression plasmid was pro- nuclear protein extracts (2–6 mg protein) prepared from
colonic epithelial cell lines by the method of Shapiro etvided by M. Karin (University of California, San Diego),
and PKA and PKAm expression plasmids were pro- al. (1988) were incubated with 50,000 cpm (0.2 ng) of
32P end-labeled oligonucleotide probes for 20–30 min atvided by M. Montminy (Salk Institute, La Jolla, CA). The
PKAm expression plasmid generates a nonfunctional room temperature in 20 ml reaction volume containing
12% glycerol, 12 mM HEPES–NaOH (pH 7.9), 60 mM KCl,catalytic subunit of PKA and was used as a control for
the PKA expressing plasmid. 5 mM MgCl2 , 4 mM Tris–Cl (pH 7.9), 0.6 mM EDTA (pH
7.9), and 0.6 mM DTT. For supershift analysis, nuclearSynthetic oligonucleotides were purchased from Inte-
grated DNA Technologies Inc. (Coralville, IA) or synthe- protein extracts were prepared from SW480 cells by the
rapid method of Schreiber et al. (1989) and performedsized using a Milligen DNA synthesizer (Millipore Corp.,
Novato, CA) and purified as described by the manufac- as described previously (Roebuck et al., 1996; Song et
al., 1997). Polyclonal or monoclonal antibody (2 mg) pur-turer. Double-stranded oligonucleotide gel shift probes
were end labeled with [g-32P]ATP (3,000 Ci/mmol) using chased from Santa Cruz Biotechnologies (Santa Cruz,
CA) was added to the DNA binding reactions containingT4 polynucleotide kinase. Oligonucleotides used in DNA
binding studies are listed in Table 1. nuclear extract for 20 min before the addition of the DNA
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probe. Protein–DNA complexes and protein–DNA–anti- RESULTS
body supershift complexes were resolved in 5% poly- /160 DSE is recognized by AP-1 and CREB/ATFacrylamide gels preelectrophoresed for 30 min at room
proteinstemperature in 0.251 TBE buffer (22.5 mM Tris-borate
and 0.5 mM EDTA, pH 8.3). Gels were dried and exposed cFos can transactivate the /160 DSE in colon epithe-
overnight to radiographic film with an intensifying screen lial cells (Roebuck et al., 1993) and cooperate with phor-
at 0707C. bol ester to increase HIV-1 proviral expression (Roebuck
et al., 1996). Moreover, PMA stimulation increases the
cFos and JunD content of the /160 DSE binding com-HIV-1 infection
plexes, which can be competed by classical CRE motifs
(Roebuck et al., 1993, 1996), suggesting that CREB/ATFVirus stock was prepared as previously described (Sai-
proteins also bind to the/160 DSE. To further character-fuddin et al., 1995). Briefly, a pellet of 1 1 107 H9 cells
ize the DSE binding complexes, nuclear protein extractswas incubated for 2 hr at 377 with 1 ml of H9-derived
from colonic epithelial cells treated with or without phor-HIV-1MN (equivalent of 100 ng of p24 antigen). Cells were
bol ester were assessed in competitive gel mobility shiftwashed and propagated in RPMI-1640 medium supple-
assays. As shown in Fig. 1A, the /160 DSE formed twomented with 10% FCS. At 7 days postinfection, the cell
distinct complexes (C2 and C3; lane 2), one that comi-supernatant was filtered (0.45 mM), and purified by ultra-
grated with the TRE complex (C2; lane 1), and one thatcentrifugation at 140,000 g for 3 hr at 47 through 20%
comigrated with one of the CRE complexes (C3; lane 6).glycerol in 50 mM Tris (pH 8.0). The viral pellet was
While both complexes were competed by the /160 DSEresuspended in serum-free RPMI, and aliquots were
(lane 5), the TRE, a known AP-1 binding site, only com-stored at 0707C. The amount of HIV-1 p24 antigen in
peted with the C2 complex (lane 3) and the CRE, a knownpurified virus preparation was determined by ELISA
CREB/ATF binding site, only competed with the C3 com-(Coulter Co., Hialeah, FL). For inactivation of virus, the
plex (lane 4).HIV-1 preparation was treated with UV light as previously
When the cells were stimulated with the protein kinasedescribed (Saifuddin et al., 1995). The infectivity of the
C (PKC) activator phorbol myristate acetate (PMA) (Fig.UV-treated virus was tested in a highly infectable HPB-
1B), an additional DSE binding complex was detectedALL cell line and found to be reduced by95%. To deter-
that comigrated with the slower migrating CRE complexmine whether HIV-1 increased nuclear CREB/ATF protein
(C1). This PMA-induced CRE-like complex was competedand DSE binding activity, 3 1 106 H9 cells grown in RPMI
by both the CRE (Fig. 1B, lane 4) and /160 DSE (lanecontaining 0.5% FCS for 24 hr were incubated with virus
5), but not the TRE (lane 3). In the converse experiment,preparation (equivalent of 10 ng of p24 antigen per 106
TRE and CRE gel shift complexes were competed by thecells) with or without UV treatment for 120 min. Cells
DSE (data not shown). These data indicate that the /160were washed and resuspended in RPMI containing 10%
DSE can form multiple DNA binding complexes that canFCS for 30 min before nuclear extracts were prepared
be recognized by either TRE or CRE motifs, implying thataccording to the method of Schreiber et al. (1989).
AP-1 and CREB/ATF proteins bind the DSE.
Western blot ATF-2 and PKA transactivate the HIV-1 DSE
Nuclear protein extracts of infected H9 cells were pre- To determine whether the cAMP/PKA signal transduc-
pared and analyzed by Western blot as previously de- tion pathway could activate HIV-1 expression through
scribed (Saifuddin et al., 1995). Briefly, 10 mg of protein CREB/ATF protein binding to the DSE, colonic epithelial
extract was electrophoresed on 10% polyacrylamide – cells were cotransfected with plasmids expressing the
SDS gels under reducing conditions and electrophoreti- catalytic subunit of PKA and LTR CAT reporter constructs
cally transferred to a nitrocellulose membrane overnight with or without mutations of the /160 and /95 DSE. As
at 47. The membrane was blocked with 5% nonfat milk shown in Fig. 2A, the LTR CAT constructs contain the
in Tris-buffered saline for 90 min and then incubated with proximal NF-kB binding site and are identical except
rabbit antibodies to CREB, ATF-1, ATF-2, and cFos (Santa for mutations in the /160 and /95 DSE. We showed
Cruz Biotechnology, Inc.) for 60 min at room temperature. previously that the 091//232 WT construct mediated
After washing, the membrane was incubated with HRP- cFos and PMA activation signals to the LTR and these
conjugated donkey anti-rabbit antibody (Amersham Co., responses were abrogated by the mutations introduced
Arlington Heights, IL). The membrane was washed and into the /95 and /160 DSE (091//232 M6 construct)
treated with enhanced chemilumminescence reagents (Roebuck et al., 1993). As shown in Fig. 2B, ATF-2 and
(Amersham) before exposure to radiographic film (Fuji PKA stimulated CAT expression from the 091//232 WT
Photo Film Co., Japan) for the detection of specific protein construct. In contrast, mutations in the DSE abrogated
the increased CAT expression induced by the transfec-bands.
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FIG. 1. Competitive gel mobility shift analysis of the /160 DSE. (A) Nuclear protein extracts from serum-starved (0.5% fetal calf serum for 20 hr)
SW620 colonic epithelial cells. (B) Nuclear protein extracts from serum-starved SW620 cells stimulated with PMA (20 ng/ml) for 2 hr. Equivalent
amounts of nuclear cell extract (5 mg) were incubated with either the collagenase TRE (lane 1), /160 DSE (lanes 2–5), or somatostatin CRE (lane
6) oligonucleotide probes. The DSE binding complexes were competed for binding with 50 ng (approximately 100-fold molar excess) of the indicated
oligonucleotides shown in Table 1. Arrows indicate the three complexes (C1, C2, C3) detected. Note that the TRE and CRE oligonucleotides
competed with different DSE gel shift complexes. Similar results were observed with nuclear protein extracts from SW480 cells. The free unbound
/160 DSE oligonucleotide probe is not shown.
tion of the PKA (compare lanes 5 and 6 with 11 and 12) /160 DSE and TRE motifs, antibodies against ATF-1,
ATF-2, and CREB supershifted the CRE and ATF motifsand ATF-2 expressing plasmids (compare lanes 3 and 4
with 9 and 10), indicating that the DSE can mediate PKA (Figs. 4C and 4D). The ATF-1 and ATF-2 antibodies pro-
duced supershifts that were similar to those over theand ATF-2 transactivation of the HIV-1 LTR. In contrast,
the DSE was not essential for Tat transactivation of the TRE and DSE (i.e., the upper supershifted complex). How-
ever, in addition, the ATF-1, ATF-2, and CREB-1 antibod-HIV-1 LTR, since the Tat expressing plasmid markedly
increased CAT expression from both the wild-type and ies also formed a prominant supershift of lower mobility
over the CRE and ATF motifs, whereas the CREB-2 andmutant LTR constructs. Although individually ATF-2 and
PKA transactivate the DSE, their effects in combination ATF-3 antibodies did not (Figs. 4C and 4D). Although
these data demonstrate that CREB/ATF proteins bindwere antagonistic, rather than additive (compare lanes
3–6). These data demonstrate that the HIV-1 DSE can both TRE- and CRE-like complexes, their distinct su-
pershift patterns indicate subtle differences in the com-mediate PKA and ATF-2 transactivation of the LTR and
suggest that the DSE by binding CREB/ATF proteins can plexes and suggest the complexes formed on the TRE-
like /160 DSE differ from those formed on the CRE andtransmit cAMP/PKA activation signals to the viral LTR.
ATF motifs. In this regard, we found that purified ATF-1,
DSE complexes contain ATF-1, ATF-2, and CREB ATF-2, and CREB could efficiently bind the CRE and ATF
motifs, but not the TRE and /160 DSE motifs (data notTo identify the CREB/ATF proteins present in the DSE-
shown). Because we previously identified cFos and JunDbinding complexes, antibodies against specific ATF and
as components of the DSE binding complexes (RoebuckCREB proteins were used in gel mobility shift assays. As
et al., 1996), these data indicate that the /160 DSE isshown in Fig. 3, antibodies to ATF-1, ATF-2, and CREB-
capable of binding both AP-1 and CREB/ATF proteins1 but not ATF-3 and CREB-2 produced supershifts on the
and suggest that heterodimers between AP-1 and CREB//160 DSE motif, indicating that the CREB/ATF proteins
ATF proteins may be required to bind the DSE in cells.ATF-1, ATF-2, and CREB-1 were components of the/160
DSE binding complexes.
Cholera toxin transactivates the HIV-1 LTR through
To assess how this pattern of binding compared to
CREB binding to the DSE
that of consensus TRE and CRE motifs, we also identified
the CREB/ATF proteins present in those complexes. As To determine whether the HIV-1 DSE could bind CREB/
ATF proteins and mediate cAMP/PKA activation signalsshown in Fig. 4, antibodies against ATF-1, ATF-2, and
CREB-1 weakly supershifted the /95 DSE (Fig. 4A), but in HIV-1-infected cells, we utilized the chronically in-
fected promonocytic cell line, U1. Cholera toxin (Ctx),strongly supershifted the TRE motif (Fig. 4B). The /95
DSE was shown previously to bind weakly to cJun (Roe- a potent activator of the cAMP/PKA signal transduction
pathway, has been shown to increase cAMP and activatebuck et al., 1993). Thus, because the /95 DSE consists
of two overlapping TRE-like sequences, it may interact HIV-1 replication in U1 cells (Chowdhury et al., 1993). In
our hands, stimulation of U1 cells with Ctx (10 ng/ml)poorly with AP-1/CREB/ATF transcription factors. Like the
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FIG. 2. Effect of the PKA and ATF-2 expression plasmids on HIV-1 LTR activity. (A) Structure of the HIV-1 091//232 M6 construct and HIV-1
091//232 WT construct. Note that the two LTR CAT constructs are identical except for the mutations of the /95 DSE and /160 DSE indicated by
asterisks, which generate unique BssHII and NotI sites. Arrows indicate the start site of transcription and the solid rectangles represent binding
sites for NF-kB, Sp1, and TFIID. The trans-activation response (TAR) element is shown immediately downstream of transcription. (B) CAT assay of
SW480 cell extracts transfected with either the HIV-1 091//232 WT (lanes 1–6) or HIV-1 091//232 M6 construct (lanes 7–12) and the expression
plasmids indicated above each lane. The cotransfection of the PKA expressing plasmid (/) and the mutant PKA expressing plasmid (0) are indicated
in brackets above each lane. The percentage conversion is indicated below each lane. Note that mutation of the DSE reduced the ATF-2 transactivation
of the LTR. This experiment is representative of three separate experiments performed, in which PKA and ATF-2 significantly stimulated the 091/
/232 LTR CAT construct but not the M6 construct.
for 72 hr increased HIV-1 p24 core antigen production
approximately sixfold (data not shown). To determine
whether this induction was mediated by the DSE, U1
cells were transfected with the HIV-1 LTR CAT constructs
shown in Fig. 5. After transfection, U1 cells were stimu-
lated with Ctx (10 ng/ml) or TNFa (10 U/ml) for 24 hr and
analyzed for CAT expression. As shown in Fig. 5, both
Ctx and TNFa increased LTR-directed CAT activity of
the full-length LTR construct (LTR CAT) nearly fourfold.
Deletion of LTR sequences from /39 to /222 (LTR DSst
CAT), which removed both DSE, essentially abrogatedFIG. 3. Supershift analysis of the /160 DSE using anti-CREB/ATF
the Ctx response, whereas this deletion had only a minorantibodies. Nuclear protein extracts from SW480 cells were incubated
with the /160 DSE oligonucleotide in the presence of antibodies (2 effect on the response to TNFa. By contrast, mutation of
and 4 mg as indicated by the solid wedge) to the indicated CREB/ATF the NF-kB binding sites (kBm LTR CAT) abrogated the
proteins. For specificity, the DSE binding complexes were incubated TNFa response, whereas this construct still mediated
with 50 ng of a nonspecific (NS) oligonucleotide [5*-GTGCATTTCCCG-
a significant Ctx response. Taken together these dataTAAATCTTGTCTACA-3*] or the /160 DSE oligonucleotide. Note anti-
suggest that, although an intact LTR is necessary for abodies to ATF-1, ATF-2, and CREB generated supershift complexes.
The free unbound /160 DSE oligonucleotide probe is not shown. full transcriptional response by TNFa or Ctx, a major
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FIG. 4. Supershift analysis of the /95 DSE, TRE, CRE, and ATF motifs. Nuclear protein extracts from SW480 cells were incubated with the /95
DSE (A), TRE (B), CRE (C), or ATF (D) oligonucleotides shown in Table 1, in the presence of antibodies to CREB/ATF proteins as indicated above
each lane. The arrow indicates the migration of the supershifted complexes. Note differences in the supershifts over the TRE, CRE, and ATF motifs.
The free unbound oligonucleotide probes are not shown.
portion of the two responses was mediated by different downstream of/84, since a wild-type LTR CAT construct
containing LTR sequences upstream of /84 also did notregions of the HIV-1 LTR. The Ctx response was chiefly
mediated through LTR sequences downstream of tran- respond to Ctx (data not shown).
To determine whether AP-1/CREB/ATF binding sitesscription that contain the DSE, while the TNFa response,
which required functional NF-kB binding sites, was were sufficient to mediate Ctx activation signals, we
transfected into U1 cells a luciferase reporter constructmostly mediated through the HIV-1 enhancer.
To determine whether the Ctx response was mediated containing multiple consensus TRE sites upstream of the
prolactin minimal promoter. As shown at the bottom ofby activation of the DSE, we directly compared the Ctx
response of the 091//232 WT and 091//232 M6 con- Fig. 5, Ctx markedly increased luciferase activity of this
construct. In contrast, TNFa did not appreciably stimulatestructs, which are identical except for mutation of the
DSE. As shown in the lower portion of Fig. 5, deletion of the TRE PL LUC construct, a result consistent with TNFa
targeting chiefly the HIV-1 NF-kB binding sites in U1the upstream NF-kB binding site (091 LTR CAT) de-
creased the TNFa response nearly 50%, but had no effect cells. The Ctx response was mediated by the TRE sites
since the control construct lacking the TRE sites did noton the Ctx response consistent with the TNFa response
being mediated by the HIV-1 enhancer element. In con- respond to Ctx (data not shown). These data suggest Ctx
can directly transactivate the TRE-like DSE indepen-trast, while mutations of the /95 and /160 DSE (091
LTR M6 CAT) had no effect on the TNFa response, the dently of the HIV-1 enhancer. Consistent with the inde-
pendent effects of TNFa and Ctx, the combination ofCtx response was reduced nearly 50%, indicating that
the Ctx response is mediated chiefly by the DSE and these agonists produced an additive increase in LTR
activity (data not shown).the TNFa response chiefly by the NF-kB binding sites.
Downstream sequences in addition to the DSE may also
Cholera toxin increases the CREB content of DSEcontribute to the Ctx response, since mutations of the
binding complexesDSE were not as severe as deletion of the entire down-
stream region (compare LTR DSst CAT and 091 LTR M6 To determine whether Ctx activation of the DSE was
mediated by CREB/ATF proteins, we examined the abilityCAT). These other sequence elements appear to reside
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assays. As shown in Fig. 7, nuclear protein extracts of
HIV-1-infected cells contained increased ATF-1, ATF-2,
and CREB. In contrast, HIV-1 infection did not increase
the nuclear content of cFos, demonstrating specificity
for CREB/ATF proteins. Interestingly, the CREB antibody
detected two closely migrating proteins in the HIV-1-in-
fected cell extracts, suggesting HIV-1 infection may in-
crease CREB phosphorylation, which is required for effi-
cient transactivation (Lee and Masson, 1993).
To determine if HIV-1 infection increased CREB bind-
ing activity of these nuclear protein extracts, an anti-
CREB antibody was employed in gel supershift assays
to assess the presence of CREB in the DNA binding
FIG. 6. Cholera toxin increases CREB binding activity to the /160 complexes. As shown in Fig. 8, treatment of cells withDSE. Gel mobility shift assay of Ctx-induced binding activity on the
HIV-1 induced TRE and CRE binding activity and in-/160 DSE. (A) Equivalent amounts of nuclear protein extract from U1
creased the content of CREB in both TRE and CRE bind-cells unstimulated (0) or stimulated with Ctx (10 ng/ml) for 2 hr were
incubated with the /160 DSE oligonucleotide in the absence (lanes 1 ing complexes. This increased CREB binding activity ap-
and 2) or presence of 50 ng of unlabeled /160 DSE competitor (S) or pears to be an early event in HIV-1 infection of T-cells,
50 ng of unlabeled nonspecific (NS) competitor oligonucleotide [5*- since UV-inactivated virus also rapidly increased CREBGTGCATTTCCCGTAAATCTTGTCTACA-3*]. (B) The same DNA binding
binding activity (Fig. 8). The increased nuclear contentreactions incubated with (/) or without (0) an anti-CREB antibody.
and binding activity of CREB/ATF proteins most likelyArrows denote specific gel shift complexes. Supershifted complex indi-
cated by SS marked arrow. Note Ctx increased DSE binding activity and represents increased nuclear localization of preformed
antibodies to CREB decreased that binding and generated supershifted protein, since most cells constitutively synthesize CREB/
complexes (arrows). The free unbound /160 DSE oligonucleotide ATF; however, we cannot formally rule out increased syn-probe is not shown.
thesis or protein stability.
of nuclear extracts from U1 cells stimulated with Ctx (10 DISCUSSION
ng/ml) to bind the /160 DSE. As shown in Fig. 6A, Ctx
HIV-1 expression is modulated by the intracellular lev-increased the binding activity on the /160 DSE (Fig. 6A,
els of cAMP, suggesting the cAMP/PKA signal transduc-compare lanes 1 and 2). The Ctx-induced complexes
tion pathway and the transcription factors of the CREB/were competed by the /160 DSE oligonucleotide (lane
ATF family play a regulatory role in viral expression. The3), but not by a nonspecific (NS) oligonucleotide (lane 4).
studies herein demonstrate that activation of the cAMP/To determine if Ctx increased the CREB binding activity
PKA signal transduction pathway can increase HIV-1 LTRof these nuclear protein extracts, an anti-CREB antibody
activity through TRE-like cAMP responsive downstreamwas added to the binding reactions. As shown in Fig.
sequence elements (DSE) that bind both AP-1 and CREB/6B, the CREB antibody reduced the Ctx-induced DSE
ATF family members. DSE binding complexes in nuclearbinding activity and generated a supershift complex (Fig.
protein extracts are shown to contain ATF-1, ATF-2, and6B, compare lanes 3 and 4). These data demonstrate
CREB, as well as JunD and cFos (Roebuck et al., 1996).that Ctx induces DSE binding activity and increases the
Cholera toxin (Ctx), a potent activator of the cAMP/PKACREB content of the DSE binding complexes. Because
pathway, increased CREB binding to the DSE and acti-CREB is a major target of the cAMP/PKA signaling path-
vated the HIV-1 LTR primarily through the DSE, sinceway, these data suggest that Ctx induction of the HIV-1
mutations or deletion of the DSE reduced or abrogatedLTR is mediated at least in part by increased CREB bind-
the transcriptional response, and since multiple TREing activity on the /160 DSE.
sites upstream of a heterologous promoter was cabable
of mediating the Ctx response. Moreover, HIV-1 infection,HIV-1 infection increases CREB/ATF binding activity
which activates the cAMP/PKA pathway in T-cells, also
increased CREB/ATF binding activity, suggesting aBecause HIV-1 infection has been associated with
sustained elevation of cAMP (Nokta and Pollard, 1991) mechanism by which HIV-1 could facilitate the activation
of its own promoter.and since HIV-1 replication was shown to be cAMP-
dependent in T-cells (Nokta and Pollard, 1992), we Activation of the PKC and PKA signaling pathway in-
duced multiple DSE complexes that were selectively rec-wished to determine whether HIV-1 infection could stimu-
late CREB/ATF binding activity. Human T-lymphocytic H9 ognized by both TRE and CRE motifs, suggesting that
proteins from both the AP-1 and CREB/ATF families arecells were infected with HIV-1 for 2 hr, washed, and
propagated for 30 min before nuclear proteins were ex- interacting with the DSE in cells. In vitro binding studies
have shown that CREB/ATF proteins can bind TRE-liketracted and analyzed in immunoblot and gel supershift
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ity to the DSE and TRE compared to CRE and ATF motifs
(K. A. Roebuck, unpublished results). This result suggests
that CREB/ATF proteins most likely form heterodimers
either among themselves or cross-family heterodimers
with members of the Jun/Fos family in order to bind the
HIV-1 DSE in cells. Indeed, the CREB/ATF supershifts
detected over the CRE and ATF motifs differed from those
over the TRE and /160 DSE.
With regard to the cAMP/PKA signal transduction path-
way, we demonstrated that activation of the cAMP/PKA
pathway by Ctx transactivated the HIV-1 LTR primarily
through the DSE, since deletion or mutation of the DSE
severely reduced Ctx-induced transcription. Although
cAMP has been shown to induce NF-kB activity (Serkkola
and Hurme, 1993), mutation of the HIV-1 NF-kB enhancer
sites had only a modest effect on Ctx-induced transcrip-
tion. Moreover, since Ctx stimulated a heterologous con-
struct containing multiple TRE sites, Ctx can clearly func-
tion independently of the HIV-1 enhancer. Ctx also in-
creased CREB binding to the /160 DSE, suggesting the
DSE mediates the Ctx response at least in part through
its ability to bind CREB. CREB is a substrate for PKA
and the PKA phosphoacceptor site of CREB is required
for transcriptional activation (Lee and Massow 1993).
Consistent with the requirement for CREB phosphoryla-
tion, we demonstrated that transfection of the PKA ex-
pressing plasmid also transactivated the HIV-1 LTRFIG. 7. Effect of HIV-1 infection on nuclear content of CREB/ATF and
Jun/Fos proteins. (A) Equivalent amounts of nuclear protein extract (10 through the DSE.
mg) from uninfected (0) or HIV-1-infected (/) H9 cells were separated The HIV-1 DSE also bind ATF-2 and transfection of
by gel electrophoresis, transferred to nitrocellulose, and probed with
an ATF-2 expressing plasmid transactivated the DSE. Inspecific antibodies to ATF-1, ATF-2, CREB, and cFos as described
contrast to CREB, ATF-2 activity is modulated by phos-under Materials and Methods. The blot was probed, stripped, and
phorylation by the Jun N-terminal kinase (Livingstone etreprobed with each of the indicated antibodies as indicated to the right
by arrows. The migration of standard molecular weight markers (kDa) al., 1995), and in combination with cJun binds a CRE-
are indicated to the left by arrows. (B) Quantification by densitometric like site in the c-jun promoter to increase c-jun gene
scanning. Fold increase was calculated by dividing the density of the
transcription (Van Dam et al., 1993). cJun can bind theHIV-1 infected sample band by the uninfected sample band for each
DSE in vitro (Roebuck et al., 1993), but was not detectedantibody.
in DSE binding complexes of colonic epithelial cell ex-
tracts (Roebuck et al., 1996). In those studies, cJun was,
however, able to transactivate the HIV-1 provirus, sug-motifs and can form heterodimers with Jun/Fos proteins
(Masquilier and Sassone-Corsi, 1992; Hai and Curran, gesting cJun can transactivate the HIV-1 LTR by a DSE-
independent mechanism. Along these lines, Stein et al.1991). Heterodimer formation between Jun or Fos family
members and CREB/ATF family members is selective (1993) demonstrated that cJun and cFos could function
through the NF-kB binding sites to stimulate LTR activity.and can alter DNA binding specificity and may be a
mechanism to increase the number of transcription fac- Thus, transcription factors of the AP-1/CREB/ATF family
may activate HIV-1 expression both through DSE-depen-tors available for gene regulation. For example, ATF-2
and ATF-4 can form dimers with cJun and cFos (Hai and dent and DSE-independent mechanisms.
With regard to HIV-1 pathogenesis, the studies hereinCurran, 1991; Chatton et al., 1994; Vashkiv et al., 1990;
Macgregor et al., 1990). Cross family heterodimers be- demonstrated that HIV-1 infection rapidly increased nu-
clear CREB/ATF binding activity. This suggests HIV-1 it-tween cJun and ATF-2 have been shown to bind a CRE-
like element in several cellular promoters (Van Dam et self can stimulate cellular signal transduction pathways
to favor its own replication. Because UV-inactivated HIV-al., 1993; De Cesare et al., 1995; Tsai et al., 1996). Con-
versely, dimers between B-cell ATF and cJun were shown 1 also rapidly increased CREB/ATF binding activity, it
appears that an early event in HIV-1 infection of T-cellsto bind a consensus TRE (Dorsey et al., 1995). Although
the DSE complexes in nuclear cell extracts contained activates the cAMP/PKA pathway. HIV-1 interaction with
the CD4 receptor has been shown to induce the activa-ATF-1, ATF-2, and CREB, we recently showed that puri-
fied CREB/ATF protein homodimers bound with low affin- tion of signaling intermediates and transcription factors.
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Hurme, 1993). The virus may have acquired TRE-like
cAMP-responsive elements that can synergistically me-
diate PKA and PKC activation signals as a means to
rapidly induce expression of its genome. Additionally, the
DSE may play a role in HIV-1 tropism, since viral tropism
has been linked with nonconsensus AP-1 binding sites
in the HIV-1 LTR of neurotropic stains (Canne-Hergaux
et al., 1995).
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